In a setup where two ferromagnetic electrodes are attached to a superconductor, Andreev bound states are induced at both ferromagnet/superconductor (FM/SC) interfaces. We study how these states propagate through the SC and interact with each other. As a result of this interaction, the energetic positions of the Andreev states are not anymore determined solely by the magnetic properties of a single interface, but also depend on the interface distance and the relative magnetization orientation of the FM contacts. We discuss how these bound states show up as distinct peaks in the nonlocal conductance signal, and lead to marked asymmetries with respect to the applied voltage. We relate our results to nonlocal crossed Andreev and elastic co-tunneling processes.
In a setup where two ferromagnetic electrodes are attached to a superconductor, Andreev bound states are induced at both ferromagnet/superconductor (FM/SC) interfaces. We study how these states propagate through the SC and interact with each other. As a result of this interaction, the energetic positions of the Andreev states are not anymore determined solely by the magnetic properties of a single interface, but also depend on the interface distance and the relative magnetization orientation of the FM contacts. We discuss how these bound states show up as distinct peaks in the nonlocal conductance signal, and lead to marked asymmetries with respect to the applied voltage. We relate our results to nonlocal crossed Andreev and elastic co-tunneling processes. The presence of Andreev bound states (ABS) at energies below the superconducting gap plays a prominent role in transport through heterostructures involving superconductors, and forms a topic of continuing and longstanding interest. Such states can arise, e.g., due to multiple Andreev reflections at both interfaces of a SCinsulator-SC junction, and are directly related to the Josephson current through the junction [1] . Furthermore, the importance of a magnetically active interface between a SC and FM has been pointed out. Scattering on such a surface leads to spin-mixing and the creation of subgap ABS at the SC/FM interface [2, 3] . Such states influence the properties of, e.g., single SC/FM tunnel junctions [4, 5] and SC/FM/SC Josephson junctions [3, 6] .
Andreev reflection processes assume a nonlocal (NL) form when two metallic leads are connected to the SC: the incoming quasiparticle in one lead can be reflected as a quasihole in the other lead [8] , giving rise to a negative NL conductance. This so-called crossed Andreev reflection (CAR) competes with elastic co-tunneling (EC) (and, at high temperatures, charge imbalance effects [9] ), in which the quasiparticle is transferred from one lead to the other via a virtual subgap state in the SC and gives a positive contribution to the NL conductance [10] . CAR and EC processes cancel each other for tunnel contacts [11] . This cancelation is lifted at higher orders in the transmission [12] , for FM contacts [11] [12] [13] [14] , or in the presence of interactions [15] . Disorder effects have been addressed in Refs. [16] . Even though solid theoretical progress has been made, the role of Andreev bound states in the nonlocal conductance has not been elucidated.
In this Letter, we consider the non-local setup shown in Fig. 1 , where two FM point contacts are attached to a ballistic SC region. At each of the two SC/FM contacts subgap ABS form, which show up in the Andreev spectrum [3, 5] . They propagate on a coherence length scale ξ through the SC. Interestingly, these states interact with each other so that their energetic position is not only dependent on the magnetic properties of the separate interfaces, but also on the distance between the interfaces and their relative magnetization orientation. We study the profound influence of this ABS interaction on the NL conductance through the device when voltages V L and V R are applied across the contacts. For identical contact parameters, we find that for parallel (P) magnetization, the NL conductance ∂I R /∂V L is asymmetric in V L , whereas it stays symmetric in the antiparallel (AP) configuration. Such (a)symmetries will be explained with an intuitive picture based on the ABS positions in the system. Transport properties of heterostructures involving SCs are conveniently described using quasiclassical Green's functions (QC GFs),ĝ( v F , R, ε), which depend on the Fermi velocity v F , the spatial coordinate R and the quasiparticle energy ε, and obey the Eilenberger equation
subject to the normalization conditionĝ 2 = −π 2 . The "hat" refers to the 2 × 2 matrix structure of the propagator in particle-hole (Nambu) space, and∆ is the SC order parameter. Within our approach, the exchange energy is incorporated by different Fermi velocities v Fσ and momenta p Fσ in the spin bands [7, 17] . Thus, all elements of the SC propagators,ĝ SC , are 2 × 2 spin-matrices, while the elements of the FM propagators,ĝ σ , are scalars. A SC/FM interface enters the QC theory as boundary conditions relating outgoing and incoming propagators [17] . They are expressed in terms of the normal state scattering matrix S of the interface. We assume that the transmission (t αβ ) and reflection coefficients (r β ) of the S-matrix are spin-diagonal with respect to the magnetization of the FM, with diagonal elements t σ exp(iϑ αβ σ ) and r σ exp(iϑ β σ ) where σ ∈ {↑, ↓} and α, β ∈ {SC, FM}. First we calculate the local density of states (DOS) at points along the line connecting both FM contacts and investigate the ABS interaction. We concentrate on the contribution arising from the trajectory that connects the two contacts (see Fig. 1 ). Denoting x as the distance from the left electrode, we obtain from the solution of Eq. (1)
where N F is the normal state DOS in the SC, and with the notationσ =↑ (↓) when σ =↓ (↑). For subgap energies, the Γ iσ with i ∈ {L, R} originating from the left (L) and right (R) contact, are given by [14, 17] 
and theΓ iσ result fromΓ In the following, we assume for simplicity ρ = ρ L = ρ R , but allow for differing ϑ L and ϑ R . In particular, ϑ R = (−)ϑ L ≡ ϑ when speaking of P (AP) magnetization.
In Fig. 2 , the DOS is shown at different positions x between the interfaces. ABS appear as distinct spinresolved subgap peaks. In general, for a positive spinmixing angle, a spin-up state appears at positive energy. For negative spin-mixing angles, spin-up and spindown peak positions are interchanged, as expected from Eq. (3). Fig. 2 reflects this behavior. For the P case ϑ L = ϑ R > 0, the peaks appear at identical energies at the left (x = 0) and right (x = L) interface. For AP magnetization with ϑ L = −ϑ R < 0 [ Fig. 2(b) ] the spinup (down) state is created at a negative (positive) energy at the left interface, where ϑ L < 0, but at a positive (negative) energy for the right interface, where ϑ R > 0. The DOS peak height decreases upon propagation through the SC. For AP magnetization, this leads to two spin-up (and down) states at each interface: the smaller one is created at the opposite interface and is attenuated upon propagation through the SC. This attenuation is less pronounced in the P case, where it is countered by the propagating state from the other interface. If
These states correspond to poles in Eq. (2). From equating 1 + Γ LσΓRσ = 0 we obtain in the tunneling
(4) for the spin-up ABS energies at the right interface. Spindown states are found from N σ (x, ε) = Nσ(x, −ε). The energy dependence in Eq. (4) is contained in the variable ψ = arcsin (ε/∆). ABS positions thus not only depend on the spin-mixing angle, but also on the interface distance L and the magnetization configuration of the FMs. For lower ρ, i.e., higher interface transmissions, the DOS peaks are broadened into resonances.
In Fig. 3 , the spin-up DOS at the right interface (x = L) is plotted as a function of the interface distance L and the spin-mixing angle ϑ. For the P configuration, one obtains a single spin-up ABS at ε P ∞ = ∆ cos( ϑ 2 ) in the limit L/ξ → ∞. This state splits in two as soon as the interface distance L is decreased. This can be interpreted as follows: the ABSs originating at both interfaces [see Fig. 2(a) ], having the same energy in the limit L/ξ → ∞, repel each other as the interfaces are brought closer. To first order, the energy correction to ε P ∞ is given by
, assuming δε ≪ |∆ − ε P ∞ |. So the repulsion strength increases with ϑ. When the interfaces are close enough, the higher energy state is pushed out of the SC gap; close to the gap, its energy can be ap-
The critical length at which the state enters the continuum is thus given by L = ξ cot( Fig. 3(c) ; the weight of the higher energy state is smaller than that of the lower one and decays faster.
In the AP case, there are two ABS at energies ±ε AP ∞ = ±∆ cos( ϑ 2 ) in the limit L/ξ → ∞. In terms of Fig. 2(b) , the negative energy state corresponds to the ABS that has propagated from the other interface. Its weight is therefore reduced (it is zero for L/ξ → ∞). As the interfaces are brought closer to each other, this state gains in weight and both ABS repel each other. To first order, their energies are ±ε
. They both enter the continuum at L = 0.
The influence of the spin-mixing angle ϑ is depicted in Figs. 3(c) and (d) . Increasing ϑ moves all states deeper inside the gap. For the P case, the second ABS only appears for values ϑ > 2arctan(L/ξ). In the AP case, the negative-energy state is weakened as it must propagate through the SC to reach the right interface.
These Andreev states show up in the transport properties of FM/SC/FM heterostructures, in particular in the NL conductance G NL . Assuming a constant current density j over the contact surface area, the NL current I R in the right contact is:
where S L(R) is the area of the left (right) contact, L is again the distance between the contacts, and θ L(R) is the impact angle at the left (right) interface (see Fig. 1 ). G NL is given by 
07. For other parameters see legends of (b) and (e).
age. The current density j at a point R in the right elec-
, where N σ is the normal state spin-up (down) DOS in the right FM. Only the trajectory connecting both contacts contributes to G NL , and the relevant Keldysh GFĝ K σ can be calculated from a generalization of Eq. (1) and the boundary conditions at the interfaces [17] .
The clearest ABS signature occurs for high spin-mixing angles (ABS deep inside the gap), and for the tunneling limit (ABS narrow and well-defined). Fig. 4 shows G NL for such a set of parameters. A peaked structure is visible, hinting at the subgap states, with a marked voltage asymmetry in the case of P magnetization. These observations will now be explained with the help of Fig. 5 .
For voltages eV L that align the Fermi energy in the left FM with a spin-resolved ABS energy ε b in the SC, a quasiparticle with the corresponding spin can tunnel from the FM into the SC. In case of EC, the particle has to tunnel to the same spin band at the same energy in the right electrode, while for CAR, an electron with energy −ε b in the opposite spin band at the right interface is absorbed by the SC to form a Cooper pair (see Fig. 5 ). Both CAR and EC thus involve (to lowest order) two transmission processes, and the magnitude of the corresponding conductance peak is given by T As an example, we consider |t Fig. 5 . In the P case, there is a single spin-resolved state at energies ±ε b , and all states have the same weight W P at the interfaces. The EC conductance peak thus scales as
P ) for positive (negative) energies, and the voltage asymmetry in the EC signal in Fig. 4(a) is due to the different transmissions for spin-up and spin-down. The CAR conductance scales as −T τ W 2 P , both for eV L = ±ε b , and is therefore symmetric in eV L . As a result, the total NL conductance in Fig. 4 (c) changes sign so that one could switch between CAR or EC by tuning eV L . The splitting of the conductance peaks for longer lengths [dashed curves in Figs. 4(a-c) ] is due to the ABS repulsion discussed in Fig. 3(a) . In the AP case, both a spin-up and spin-down state are present at every ABS energy so both CAR and EC contain the sum of two contributions: one from each spin-state. For EC the conductance peak scales as 2 T τ Figs. 4(d-f) are all symmetric in voltage. In contrast to the P case, for the AP case the conductance peaks are reduced when the distance between the contacts becomes larger (compare solid/dashed curves in Fig. 4 ) because the weight w AP decreases with the interface distance.
In more general cases, where |ϑ L | = |ϑ R | as in the dotted curves in Fig. 4 , the NL conductance contributions show peaks at four ABS energies (compare to Fig. 2) . Their relative weight can be determined analogously to the considerations above. E.g., for Fig. 2(c-d) there are bound states at ±ε b1 and ±ε b2 (with |ε b1 | > |ε b2 |). For the P case, similar expressions as in Fig. 5 [18] . The corresponding relative contributions to G NL are {τ, −T γ, τ γ, −T }(T − τ )[w 1 W 1 ] AP .
In conclusion, we have studied subgap Andreev states in a FM/SC/FM setup. Due to an interaction between the bound states induced at the two SC/FM interfaces, their energetic positions depend on the relative interface magnetization orientation. This leads to marked asymmetries of the non-local conductance, which we explain in terms of CAR and EC processes with a simple picture based on the Andreev state positions and their weight, thereby clarifying the important role of Andreev states in non-local conductance experiments.
